[1] Abstract: We studied trace element geochemistry and petrology of the crust-mantle transition zone (MTZ) in the Samail massif of the Oman ophiolite to constrain the location where different primitive magmas mix beneath an oceanic spreading ridge. The MTZ is the deepest location where crystallization took place and thus is an ideal place to determine the compositional diversity of melts leaving the mantle, with various sources and degrees of depletion. We have reached three main conclusions: (1) More than 90% of our samples record equilibration with compositionally indistinguishable parental melts, similar to mid-ocean ridge basalts (MORB) and the melts that formed the crust in Oman. This suggests that mixing of diverse, polybaric partial melts of mantle peridotite occurred at or below the depth of the MTZ. The presence of distinct heterogeneity in less than 10% of our samples is similar to the nature and frequency of heterogeneity observed in melt inclusions in olivines from MORB. (2) Among the samples recording trace element equilibrium with MORB-like liquids are wehrlitic rocks, previously suggested to be cumulates from an unusual parental melt on the basis of petrological observation. (3) Systematics of Eu distribution among plagioclase and clinopyroxene in ''impregnated peridotites'' demonstrate that these minerals did not crystallize from ''trapped melt.'' As a consequence, it is not possible to use the modal proportion or texture of plagioclase + clinopyroxene impregnations to estimate the instantaneous melt porosity or the shape of melt pores at any time during the formation of these rocks.
Introduction
[2] Recent studies of mid-ocean ridge basalt (MORB) generation suggest that MORB represents a mixture of distinct melts from various upper mantle depths and degrees of melting, which may be produced by a near-fractional melting process [e.g., Johnson et al., 1990; Klein and Langmuir, 1987] . Indeed, Kinzler and Grove [1992a] used a parameterization based on their experimental results to show that no individual melt from any specific depths is similar to MORB, and instead inferred that MORB must be a mixture of polybaric partial melts. The presence of heterogeneous melt inclusions in olivines from MORB [e.g., Shimizu and Hassler, 1993; Sobolev and Shimizu, 1993] shows that variable compositions of mantle-derived melts do reach lower crustal depths, so that the mixing of different melts is not always complete. However, in general, MORB compositions are less variable than those predicted for polybaric melts, and less variable than those observed in melt inclusions. Thus heterogeneous, polybaric melts must mix at some level prior to eruption.
[3] Three possible mixing scenarios for polybaric, mantle-derived melts are considered in this paper. (1) Aggregation of polybaric melts may occur at the base of the lithosphere because of accumulation of melt beneath a porosity barrier at the base of the conductive boundary layer e.g., Sparks and Parmentier, 1991; Spiegelman, 1993; Kelemen and Aharonov, 1998 ]. Geophysical observations at the East Pacific Rise support the hypothesis that melt accumulates at the base of the crust [Crawford et al., 1999; Dunn and Toomey, 1997; Garmany, 1989] . (2) Aggregation of polybaric melts may occur in a shallow magma chamber (1-2 km below the ocean floor) consistently observed beneath fast-spreading ridges [Detrick et al., 1987; Kent et al., 1990; Sinton and Detrick, 1992] . (3) Mixing may occur during transport of polybaric melts through melt conduits in the melting region [e.g., Kelemen et al., 1997a Kelemen et al., , 2000 Spiegelman et al., 2001; Nicolas, 1986; Prinzhofer and Allegre, 1985] . This study was designed to test the hypothesis that mixing of polybaric melts occurs mainly at or beneath the crust-mantle transition zone.
[4] The crust-mantle transition zone (MTZ) in the Oman ophiolite represents a zone where ascending melt begins to crystallize to form the crust and provides an ideal locale for investigating the diversity of melt composition passing from the mantle into the crust. This paper describes geochemical and petrological observations made on samples from the well-studied MTZ in the Maqsad region of the Samail massif in the Oman ophiolite [e.g., Boudier and Nicolas, 1995; Ceuleneer et al., 1988; Nicolas et al., 1988a] . The Oman ophiolite is considered to be a good example of a medium-to fast-spreading ridge [Nicolas et al., 2000a; Nicolas, 1989; Tilton et al., 1981] , and ages of tectonic events are well documented [e.g., Tilton et al., 1981; Coleman, 1981; Hacker, 1994] . The MTZ in the Oman ophiolite is composed of diverse rock types. This study focuses on the possible diversity of parental melt compositions and their implications for MORB petrogenesis. We report major and trace element contents of minerals, mainly clinopyroxene, in samples from the MTZ. Trace element contents of ''cumulate'' clinopyroxene are used to infer the composition of melts which passed from the mantle into the overlying crust. Most samples record equilibration with a homogeneous, primitive melt, similar in trace element abundance to the melts that formed overlying gabbros and volcanic rocks. Two of 23 samples from the Maqsad area are compositionally distinct and are interpreted to record incomplete mixing of melts at and below the MTZ. The rare occurrence of such samples suggests that the volume of unmixed melts was small. Therefore we infer that the mixing processes to form parental MORB must have occurred mainly within the mantle, at depths greater than the MTZ. [5] In addition to this main conclusion our data can also be used to constrain petrogenesis of specific MTZ lithologies. Much emphasis has been placed on the presence of wehrlitic rocks, whose apparent sequence of crystallization (olivine followed by clinopyroxene, then followed by plagioclase) is different from the more abundant gabbroic rocks (olivine-plagioclase-clinopyroxene). Some previous workers have suggested that the wehrlitic rocks formed by crystallization of a mantle-derived melt composition that was significantly different from the melt that formed the gabbroic rocks [e.g., Pallister and Hopson, 1981; Smewing, 1981; Juteau et al., 1988] , whereas others have proposed that they formed via Moho-level interaction of MORB-like melts with residual peridotites [e.g., Boudier and Nicolas, 1995] and/or seawater. Our trace element data on clinopyroxene in the wehrlitic rocks are indistinguishable from data on clinopyroxene in gabbroic rocks and suggest that the wehrlitic rocks did not form from a compositionally distinct primary melt.
[6] Many recent papers have relied on textural data from ''impregnated peridotites,'' residual peridotites, and dunites which include later, igneous plagioclase and clinopyroxene precipitated from a melt to make inferences about the porous melt fraction and shape of melt pores in the shallow mantle beneath mid-ocean ridges [e.g., Jousselin and Mainprice, 1998; ]. Our data show that the plagioclase and clinopyroxene in Oman ''impregnated peridotites'' crystallized in an open system, from which melt was subsequently removed. As a result, the proportion and shape of plagioclase and clinopyroxene in these rocks cannot be used to estimate the melt fraction and shape of melt pores at any time during the formation of these rocks.
Geology
[7] The Oman ophiolite massifs extend $500 km in a NW-SE direction along the northern coastline of the Sultanate of Oman (Figure 1 ), representing oceanic crust and upper mantle that was obducted during the closure of the Tethys ocean 90 million years ago [Coleman, 1981; Hacker, 1994] . Many of the massifs, including the Samail massif studied here, preserve complete ophiolite sequences, including pillow basalts, sheeted dikes, cumulate gabbros, and mantle peridotites [e.g., Nicolas, 1989] . The MTZ lies above the uppermost mantle harzburgites and below the top contact of the uppermost massive dunites (more than 10 m thick), below massive layered gabbro of the lower crust [Benn et al., 1988] . The MTZ consists mainly of dunite, troctolite, gabbro, and wehrlite [e.g., Boudier and Nicolas, 1995; Nicolas and Prinzhofer, 1983] . Below the MTZ there is often a zone of diffuse ''impregnated peridotite,'' with interstitial plagioclase and clinopyroxene within deformed harzburgite, interpreted as the products of partial crystallization of cooling melts migrating by porous flow through residual mantle harzburgite [e.g., Ceuleneer and Rabinowicz, 1992] . In the Maqsad area of the Samail massif in the southern Oman Mountains the base of the lower crustal gabbros is nearly horizontal and lies above a thick ($500 m) MTZ section exposed by erosion [e.g., Boudier and Nicolas, 1995] . In addition to 23 samples from the Maqsad area, four wehrlite samples were collected from Wadi Aqsaybah, in the Wadi Tayin massif, where wehrlitic bodies, including true wehrlite, intrude lower crustal layered gabbros [Pallister and Hopson, 1981] . lower crustal gabbros. Gabbro sill thicknesses vary from a few meters to tens of meters, while their lengths vary from a few meters to more than 100 meters along strike. The occurrence of sills increases toward the base of the lower crustal gabbros. Dunites are massive and surround gabbro sills. Dunite thicknesses between gabbro sills also vary from a few centimeters to many tens or even hundreds of meters, and the thickness and proportion of dunites decreases toward the base of the lower crustal gabbros [Boudier and Nicolas, 1995] . Discordant gabbronorite dikes crosscut all lithologies from mantle harzburgite to lower gabbro, and some of these show distinct chilled margins. Because of the crosscutting relationship and the chilled margins, both of which suggest a significantly later, off-axis origin for the gabbronorite dikes, we did not include them among MTZ samples discussed in this paper. [9] In this study, we have tried to describe rocks in a way that is consistent with both petrological classification and with the mapping terms that have been used in the field in the past [e.g., Nicolas, 1986] . This is especially important for wehrlitic rocks, since the term ''wehrlite'' has been used in the past as a map unit including a range of clinopyroxene(cpx)-olivine-rich rocks showing characteristic field relations.
[10] The term ''gabbro'' refers to rocks with more than 10% plagioclase, more than 10% clinopyroxene, and less than 5% orthopyroxene. An olivine gabbro has more than 5% olivine. In Oman, some troctolites (>95% plagioclase + olivine and <5% clinopyroxene) and a few gabbronorites have been mapped as ''gabbro,'' while many true gabbros and troctolites have been mapped as ''wehrlite.'' In this paper, gabbro, troctolite, and olivine gabbro with more than 30% plagioclase will be referred to as ''gabbroic rocks.'' In the Oman MTZ the gabbroic rocks are layered sills that are distinctly different in their plagioclase content from surrounding dunitic rocks. Unlike dunitic rocks, all gabbro sill samples have modal layering and a mosaic microstructure. They are also commonly altered, with up to $30 vol % hydrous, secondary phases.
[11] The term ''dunite'' refers to rocks with >90% olivine (and alteration phases replacing olivine). In Oman some olivine-rich troctolites and clinopyroxene-poor, olivine-rich gabbros have been mapped as ''impregnated dunite,'' and these are grouped with true dunites in this paper under the term ''dunitic rocks.'' Most of the dunitic rocks in the MTZ are impregnated to some extent, but there are also some true dunites showing little or no impregnation (e.g., OM94-34, OM94-39). All dunitic rocks are more than $60 vol % serpentinized. Dunitic O m a n rocks usually consist of elongated (aspect ratio of 1:$2-3) olivine with a maximum grain width around 1 mm, a few percent subhedral spinel crystals around 200 mm in diameter, and trace amounts of plagioclase and pyroxene where they are impregnated.
[12] Strictly speaking, the term ''wehrlite'' should refer to rocks with more than 40% olivine and 50% clinopyroxene (and alteration phases replacing olivine and clinopyroxene). In practice, the term ''wehrlite'' has often been applied in Oman as a field term for darkcolored, plagioclase-poor olivine gabbro (melagabbro). In this paper, we will use the term ''true wehrlite'' to refer to rocks with more than 40% olivine and 50% clinopyroxene, the term ''melagabbro'' to refer to olivine gabbros with 10 -30% plagioclase (and alteration phases replacing plagioclase), and the term ''wehrlitic rocks'' to refer to both melagabbro and true wehrlite. Wehrlitic rocks are observed as concordant sills or lenses and also as intrusions crosscutting gabbro and dunite in the MTZ and lower crustal layered gabbro [e.g., Juteau et al., 1988] but never crosscutting residual mantle harzburgites below the MTZ [Pallister and Hopson, 1981] . Wehrlitic rocks analyzed in this study were mainly from the Maqsad MTZ, but in addition, we analyzed samples from a wehrlitic intrusion cutting crustal gabbros in Wadi Aqsaybah [Pallister and Hopson, 1981] .
[13] Most wehrlitic rocks in Oman include some plagioclase oikocrysts e.g., Juteau et al., 1988] . True wehrlites are rare, but do occur (e.g., Figure 3n of Pallister and Hopson [1981] ). Their presence suggests that some primary magmas beneath the Oman spreading ridge, perhaps parental to all the wehrlitic rocks, had the crystallization sequence olivine-clinopyroxene-plagioclase. If so, these represent compositionally distinct parental melts, because Oman troctolites and genetically related olivine gabbros record the crystallization sequence olivine-plagioclase-clinopyroxene, typical of MORB crystallization at crustal pressures. Thus the occurrence of wehrlitic rocks in the lower crust and the MTZ has been interpreted as evidence for the existence of a melt distinctly different from MORB, such as a picritic liquid Juteau et al., 1988] .
Analytical Methods
[14] Sample locations were recorded using a portable Global Positioning System within an error of ±100 m ( Figure 2 and Table 1 ). When samples were banded (or layered), thin sections were cut perpendicular to the layering. Modal proportions of minerals in each sample were measured by point counting on 2 by 4 inch thin sections, with an error analysis based on the formulation of Solomon [1963] . The grid spacing was chosen on the basis of the size of the smallest crystals of interest in order to avoid aliasing. Counts were accumulated until a statistically significant number of data were collected. The final coverage of counted areas thus varies from sample to sample. In estimating the igneous mode of the rock, the areas occupied by various alteration phases were assigned to their parental minerals on the basis of petrographic interpretation.
[15] Major element compositions in minerals were measured using an electron microprobe (JEOL 733 superprobe at Massachusetts Institute of Technology (MIT)). Operating conditions were as follows: 15 kV accelerating voltage, $10 nA beam current, and 10 mm beam diameter, using programmed matrix corrections [Albee and Ray, 1970; Bence and Albee, 1968] . Na is measured at the beginning of each analysis to minimize Na migration. Major element analyses were made on all igneous mineral phases that remained unaltered in the rock. Detailed analyses of clinopyroxene were made in the vicinity of ion probe analysis points. At least one compositional traverse across a crystal was determined for each mineral in each sample to determine the nature of possible zoning. The variability of mineral composition in each sample was assessed via multiple measurements on several crystals in each sample. When a mineral phase was zoned, core and rim compositions are reported as the average of core and rim analyses, respectively.
[16] Trace element compositions in clinopyroxene were measured using the secondary ion mass spectrometer (Cameca IMS3f at Woods Hole Oceanographic Institution). Trace element abundance was determined by the energy-filtering techniques described by Shimizu and Hart [1982] , with a 20 eV energy window and a À90 V energy offset from a 4500 V secondary accelerating voltage, a five-cycle routine in which each cycle used a 20 s counting time Units are in vol %. Errors (±) are determined using the equation proposed by Solomon [1963] . Here, ''n.d.'' is a phase that is heavily weathered, and primary phase was not determined. Counts are the total counts performed on the thin section. X and Y columns are the grid spacing in millimeters. ''(M)'' denotes olivine-rich samples, while ''(plagioclase)'' denotes the presence of plagioclase in wehrlite. The following samples are not analyzed for modes: 84OG5B, 90OA65D, 91OA132B, OM97-1, OM97-2, Reported by Kelemen et al. [1997b] .
for Ti, V, Cr, Zr, Sr, and Y. We used a 20 eV energy window and a À60 V energy offset, with a five-cycle, 30 s counting routine for rare earth element (REE) analysis. The primary beam current was adjusted so that the intensity of 30 Si was $2000-3000 counts/s. Trace element concentrations were measured only on clinopyroxene crystals. When a sample contained enough clinopyroxene crystals, at least three were analyzed for each sample, and at least two points in one grain in each sample were analyzed. Analytical uncertainty of REE Korenaga and Kelemen [1997] using the crystal fractionation model of Grove et al. [1992] for four model magma compositions. The initial primary compositions are from Kinzler and Grove [1992a , 1992b , 1993 ], Browning [1982 , and Pallister [1984] . Gray circles are modal compositions determined for gabbros from the Maqsad area MTZ [Korenaga and Kelemen, 1997] and the gabbroic crustal section of the Wadi Tayin massif (P. B. Kelemen and C. J. Garrido, manuscript in preparation, 2001).
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Geosystems G 3 G is 12 -15% and $5 -8% for other trace elements, based on the counting statistics and on repeated analyses of clinopyroxene standards.
Results and Discussion

Modes and Textural Observations
[17] The dunitic rocks are texturally distinct from gabbroic sills. This distinction suggests different deformation histories for the two rock types although they occur together. Olivines in our dunite samples are elongated and show a strong lattice-preferred orientation, inferred from the similar extinction angle of most crystals in cross-polarized light. Olivine in gabbro sills shows various deformation textures from elongated to relatively round olivine crystals. Often, gabbros are layered, with alternating bands of high olivine abundance and high plagioclase abundance [e.g., Korenaga and Kelemen, 1997] . The bands vary in thickness, but they are generally on the order of 1-10 cm thick.
[18] Most wehrlitic rocks are heavily serpentinized. Olivine elongation is not evident, but relict olivine crystals show a common extinction angle under cross-polarized light, suggesting the existence of a lattice-preferred orientation. Unaltered portions of the samples show a poikilitic texture, with clinopyroxene including small olivines. Locally, olivine crystals are also surrounded by alteration phases replacing plagioclase, interpreted as a relict poikilitic texture. We note that the relative sequence of clinopyroxene and plagioclase crystallization cannot be inferred from the plagioclase-bearing samples. Instead, the similarity of texture and field occurrence between wehrlitic samples from the Maqsad area in the Samail massif and ''true'' wehrlite found at Wadi Aqsaybah in the Wadi Tayin massif [Pallister and Hopson, 1981] is the evidence used to infer the crystallization sequence olivine-clinopyroxene-plagioclase for the wehrlitic rocks.
[19] Projection of modal compositions (Table 2) onto the olivine-plagioclase-diopside plane allows distinction between the different lithologies ( Figure 3 ). Gabbroic rocks from the Oman MTZ analyzed in this study (open diamonds in a gray field) define a broad region close to the normative composition of basalts saturated in olivine, plagioclase, and clinopyroxene at low pressure (triangles 
Major Element Mineral Compositions
[20] Tables 3-7 report the major element compositions of clinopyroxene, olivine, plagioclase, spinel, and orthopyroxene, respectively. Reported uncertainties are 1 standard deviation from the average for each mineral phase in a rock sample. While compositional variation within or among olivine crystals is limited, other minerals show measurable compositional variation as reported in Tables 3-7. [21] The fraction of molar anorthite in plagioclase (An) ranges from 0.80 to 0.95 in our samples. The highest values of An in our samples are, unlike plagioclase compositions,
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Geosystems G 3 G experimentally crystallized from primitive MORB at shallow depth (less than 2 kbar [Grove et al., 1992] ). The difficulty of reconciling experimental data with the observation of high-An crystals in MORB and in ophiolites is a well-known problem. High-An plagioclase crystals are known in MORB pillow lava [Neilsen et al., 1993] and in gabbros formed in oceanic lower crust and upper mantle [e.g., Dick and Natland, 1996] . Since the cores of zoned plagioclase commonly contain the highest An, and the zoning is thought to be a result of igneous crystal fractionation, high-An plagioclase is probably formed via magmatic processes. Furthermore, diffusivity of NaSi-CaAl exchange in plagioclase at low temperature, with or without water, is slow [Grove et al., 1984; Liu and Yund, 1992] . Diffusive re-equilibration does not produce high An, nor is high An a result of low-temperature alteration.
[22] Trace element data presented in section 4.3 show that samples with high-An plagioclase do not have unusually depleted rare earth element patterns. Although ultradepleted melt (UDM) with highly depleted rare earth element patterns has been reported from oceanic spreading ridges [Sobolev, 1996; Sobolev and Shimizu, 1993] and is inferred to have been a minor component of magmatism in the Oman ophiolite (Kelemen et al. [1997a] ; Benoit et al. [1999] , and this paper), such an occurrence remains rare. In contrast, high-An plagioclase is common in our samples and at ridges worldwide. Therefore, although the origin of high-An plagioclase is puzzling, we infer that the presence of high-An plagioclase in our samples is not related to the late stage, depleted lavas reported from northern Oman [Lasail, or V2, Alabaster et al., 1982; Ernewein et al., 1988] or to the small, ultradepleted dikes found in the mantle section of the Samail and Wadi Tayin massifs [Benoit et al., 1999; Kelemen et al., 1997a] .
Trace Elements in Clinopyroxene and in Calculated Melt Compositions
[23] Trace element concentration in clinopyroxene was measured in 27 MTZ samples. Over 100 points were measured in more than 70 grains. Reported trace element abundance in clinopyroxene is the average for each sample (Table 8) . When minerals were found to be [24] Clinopyroxene is the major repository for many incompatible trace elements in gabbroic and ultramafic rocks. As a result, concentrations of some trace elements in clinopyroxene can be used to estimate the composition of melts that could have equilibrated with our samples. This is true for rare earth element abundance, since subsolidus redistribution of rare earth elements among olivine, clinopyroxene, and plagioclase would have a negligible effect on their concentrations in clinopyroxene. In addition, rare earth element diffusivity is very small in clinopyroxene at subsolidus temperatures [Van Orman et al., 1998 ].
[25] Using experimentally determined clinopyroxene/melt partition coefficients [e.g., Hart and Dunn, 1993] , we calculated the trace element composition of melts that could have equilibrated with clinopyroxene in our samples. The variation of trace element concentrations, which vary by a factor of $10 in our samples, can reflect crystal fractionation and/or the presence of compositionally distinct parental melts. However, the ratios of incompatible elements are relatively insensitive to fractionation of olivine, plagioclase, and clinopyroxene over the compositional range bounded by our samples [e.g., Kelemen et al., 1997b, Figures 5c and 5d] . For example, La/Sm cannot change by a factor of 5 via fractionation of olivine gabbro until the initial liquid is 97% crystallized (olivine:plagioclase:clinopyroxene, 5:42:53 by weight, giving bulk partition coefficients of 0.058 and 0.171 for La and Sm, respectively). Given the high magnesium number of minerals in our samples, it is certain that the liquids which crystallized these minerals did not undergo 97% crystallization. Thus substantial variation of incompatible trace element ratios in clinopyroxene can be used to constrain the extent of variation of parental melt compositions in the Oman MTZ. 
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Geosystems G 3 G Figure 5 shows unusual, relatively light-REEenriched patterns observed in dunite sample OM94-34. Figure 6 highlights the strongly light-REE-depleted pattern observed in gabbroic sample 84OG5B. Significant depletion of Eu relative to neighboring Sm and Gd (referred to as a ''negative Eu anomaly'') is absent in most samples, indicating that clinopyroxene precipitated from a melt that had undergone less than 50% crystallization of plagioclase with the high Eu/Sm observed in Oman gabbro plagioclase [Kelemen et al., 1997b, Figures 5c and 5d] . The negative Eu anomaly in a few samples could be due to relatively large degrees of crystal fractionation or to the presence of small proportions of ''trapped melt.'' 4.3.1. A majority of samples recording equilibrium with MORB-like liquids [27] The majority of the calculated melt REE slopes and concentrations (25 of 27 samples, including ones from the Wadi Tayin area) are similar to those in volcanics and sheeted dikes from the Oman ophiolite (Figure 4 ). This suggests that the majority of rocks in the MTZ of the Maqsad area were once in equilibrium with melts similar to those which formed the upper crust of the ophiolite. Figure 4 also shows that calculated melts have REE patterns similar to those in ''normal'' MORB. Since MORB is a mixture of polybaric partial melts of suboceanic mantle, our data suggest that mixing of polybaric melts occurred at or below the MTZ during melt extraction and igneous accretion of the Samail massif in the Oman ophiolite. The nearly [Shimizu, 1998 ] is shown by thin blue lines.
Geosystems G 3 G constant slopes of the REE patterns in clinopyroxenes in our samples are illustrated in a plot of Nd/Yb versus Yb (Figure 7) . With the exception of one light-REE-depleted sample, Nd/Yb remains nearly constant over a wide range of Yb concentrations, with a restricted range of variation equivalent to that in glasses from lavas sampled along the East Pacific Rise. Incomplete mixing of high-and low-degree melts from different depths within the melting column beneath an oceanic spreading ridge would produce a correlation between Nd/Yb and Yb. Thus the lack of correlation in Figure 7 suggests that the observed variability in Yb concentration is not primarily due to incomplete mixing of melts derived from different depths and instead is dominated by the effects of crystal fractionation. However, Yb concentration could also have been affected by reaction between early formed crystals and late, interstitial melts. [28] In passing, we note that MORB-like REE patterns are observed in calculated liquids in equilibrium with clinopyroxene in wehrlite and impregnated dunite as well as gabbroic bodies. Thus we find no support for the idea that magmas parental to wehrlite were more ''depleted'' than those which formed the gabbroic bodies. We will return to this point in more detail in section 5.2.2. [29] Calculated melt in equilibrium with clinopyroxene in sample OM94-34 has a light-REE-enriched pattern ( Figure 5) . A similar pattern also has been found in melt inclusions in MORB [Shimizu, 1998; Sobolev, 1996] . Such a melt composition is also inferred from clinopyroxene in some discordant dunites within the mantle section of the Wadi Tayin massif of the Oman ophiolite [Kelemen et al., 1995] . Sobolev [1996] attributes such melt compositions to mixtures of polybaric melts that include a relatively high proportion of deep melts derived from small degrees of melting. Alternatively, Kelemen et al. [1997a, Figure 1] showed that such light-REE-enriched melts can be produced by shallow reaction between primitive MORB and depleted, residual peridotites.
Sample in equilibrium with light-REE-enriched liquid
Sample in equilibrium with light-REE-depleted liquid
[30] Clinopyroxene in sample 84OG5B has a light-REE-depleted pattern (Table 8 and [Sobolev and Shimizu, 1993; Shimizu, 1998 ]. The melt inclusion with an extremely light-REE-depleted pattern is from the Mid-Atlantic Ridge at 98N. REE abundance of clinopyroxene in 25 of our 27 MTZ samples (see Figure 4) is shown with the green region. Clinopyroxene REE abundance observed in Oman mantle harzburgite section [Kelemen et al., 1995] is shown as a yellow region. The hatched region shows the composition of websterite and gabbronorite dikes that crosscut the Oman mantle section [Kelemen et al., 1997a] .
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Geosystems G 3 G 6). Clinopyroxene compositions similar to this are found in narrow gabbronorite and websterite dikes cutting the mantle section of Oman ophiolite [Benoit et al., 1999; Kelemen et al., 1997a, Figure 8] . Such a depleted clinopyroxene REE composition is also found in clinopyroxene in harzburgite in the mantle section of Oman ophiolite [Kelemen et al., 1995] and in clinopyroxene in abyssal peridotite dredged from modern mid-ocean ridges that have been interpreted as residues of mantle melting [Johnson and Dick, 1992; Johnson et al., 1990] . These observations suggest that the melt from which troctolite sample 84OG5B crystallized was close to equilibrium with the depleted, shallow mantle section of the Oman ophiolite, which, in turn, was formed as a residue of polybaric, near-fractional melting beneath the Oman spreading ridge.
[31] At modern mid-ocean ridges, depleted melts are observed in olivine-hosted melt inclusions within phenocrysts in lava. For instance, ''ultradepleted melts'' (UDM) are melts observed in olivine-hosted inclusions reported by Sobolev and Shimizu [1993] [Sobolev and Shimizu, 1993; Shimizu, 1998 ]. Samples with enriched (OM94-34) and depleted (84OG5B) REE patterns are indicated by arrows with sample numbers.
Geosystems G 3 G equilibrium melt composition of 84OG5B, which is shown as a thick solid line in Figure  6 , is more enriched in heavy REE than ultradepleted melt inclusions, with heavy REE abundance similar to some depleted lavas from the French-American Mid-Ocean Undersea Study (FAMOUS) area of the Mid-Atlantic Ridge [Shimizu, 1998 ]. However, the ratio of light to middle REE for the equilibrium melt of 84OG5B is very low, closer to ultradepleted melt inclusions than to lavas from FAMOUS (Figures 6 and 7) . We conclude that the melt that crystallized 84OG5B was produced by crystal fractionation from a parental liquid similar to ultradepleted melt inclusions. It should be noted that the likelihood of finding UDMs seems to be low, both in the Oman MTZ and in Atlantic melt inclusions. In this study, we have only observed a UDM signature in one sample out of 27, while Sobolev [1996] reported one UDM among 120 melt inclusions analyzed. [32] In the previous paragraph, we have discussed similarities between clinopyroxene in sample 84OG5B and in mantle harzburgite in Oman and from mid-ocean ridges. Also, we have emphasized similarities between the calculated melt composition in equilibrium for sample 84OG5B and melt compositions observed at mid-ocean ridges. However, it is not certain that the melt that crystallized sample 84OG5B had the same origin as those observed along the Mid-Atlantic Ridge. The melt that crystallized sample 84OG5B in the Maqsad MTZ may have been genetically linked to the melts that partially crystallized to form ''cumulate'' gabbronorite and websterite dikes in the mantle section [Benoit et al., 1999; Kelemen et al., 1997a, Figure 8] . Most of these are undeformed and crosscut the transposed mantle foliation associated with corner flow beneath the Oman spreading ridge. Thus the dikes must have formed at some distance away from the ridge axis, after the shallow [Kelemen et al., 1995] . The dotted lines show two models of compositional variation due to crystal fractionation, where each dot corresponds to a 4% increment. The two models use an initial liquid composition of 1.67 wt % TiO 2 and a magnesium number of 0.74, which is similar to primitive MORB. The two models are (1) a batch crystallization with 50% clinopyroxene fractionation mode shown by closely spaced larger dots and (2) a fractional crystallization with 95% olivine 5% spinel fractionation mode shown by sparsely spaced smaller dots. The compositional variation in our MTZ dunite samples is not consistent with either origin: via closed system trapped melt shown by batch crystallization model or via open system fractional crystallization. Observed TiO 2 concentration is higher than that of the simple fractionation model at a given magnesium number. We used a bulk solid/liquid partition coefficient of (1) 0.197 and (2) 0.011, for TiO 2 (assuming fractionation modes with D(mineral/liquid) of clinopyroxene [Hart and Dunn, 1993] , olivine, and spinel [Kelemen et al., 1993] ), a bulk solid/liquid partition coefficient of (1) 4.11 and (2) 4.68 for MgO (using the fractionation modes and D predicted at 2 kbar and 12508C for olivine, clinopyroxene [Langmuir et al., 1992, in Table C1 ], and spinel), an Fe/Mg K D , where K D is the exchange reaction constant, between olivine and melt of 0.3, a fractional crystallization expression derived by Show [1970] and Gast [1968] , whose formulae are based on Rayleigh [1896] , in whose paper C(at melt fraction
, and a batch (equilibrium) crystallization expression in which C(at melt fraction
Geosystems G 3 G mantle fabrics were transposed by corner flow [Kelemen et al., 1995 [Kelemen et al., , 1997a Nicolas et al., 2000b] . Furthermore, the dikes have relatively evolved mineral compositions (clinopyroxene magnesium numbers down to 83) compared to residual mantle peridotite, so they must have formed by crystal fractionation from cooling magma within a conductive geotherm, and not within a adiabatic geotherm of the mantle [Kelemen et al., 1997a] . Finally, Benoit et al. [1999] have suggested that the melts that formed gabbronorite dikes in the Maqsad mantle section had high 87 Sr/ 86 Sr, indicative of addition of seawater to a mantle source. In the Oman ophiolite this might have occurred during the initiation of obduction, when a thrust fault formed within hot oceanic crust and upper mantle very close to an active spreading ridge [e.g. Michard et al., 1991] . Thus, for a variety of reasons, it is not clear that the melt in equilibrium with our sample 84OG5B formed in the same way as ultradepleted melt inclusions and depleted lavas found at mid-ocean ridges.
Summary of calculated liquid compositions
[33] In summary, >90% of our samples record equilibration with compositionally indistinguishable parental melts, similar to mid-ocean ridge basalts (MORB) and the melts that formed the crust in Oman. This suggests that mixing of diverse, polybaric partial melts of mantle peridotite occurred at or below the depth of the MTZ. Among 27 samples we found one with light-REE-enriched clinopyroxene and one with light-REE-depleted clinopyroxene. Both have calculated melt compositions that are significantly different from normal MORB lavas. However, such melt compositions are observed in heterogenous, olivinehosted melt inclusions within MORB. The presence of distinct heterogeneity in <10% of our samples is comparable to the frequency of heterogeneity observed in olivine-hosted melt inclusions in MORB.
Genesis of Different Lithologies in the MTZ
[34] Observed lithologies in the Maqsad MTZ can be categorized in three groups, as discussed in section 2: dunitic, gabbroic, and wehrlitic rocks. We believe that these rocks were emplaced at the MTZ beneath an active oceanic spreading ridge, since they are high-temperature magmatic rocks and record equilibrium with melts identical to those that formed the overlying gabbros, sheeted dikes, and lavas.
Dunitic Bodies Forming via
Melt-Rock Reaction, as Previously Proposed [35] In addition to olivine and minor spinel, dunitic rocks (dunite and melatroctolite) commonly include small amounts of interstitial plagioclase and pyroxenes. These are termed ''impregnated dunites.'' Olivine crystals in our dunitic samples are elongated, showing strong deformation, while plagioclase and clinopyroxene are irregularly distributed and do not have a strong crystal shape or lattice fabric. However, plagioclase and clinopyroxene are reported to be ''foliated'' in other ''impregnated dunites'' [see also Boudier and Nicolas, 1995; Nicolas and Prinzhofer, 1983] . Thus it is believed that plagioclase and clinopyroxene crystallized from melt along grain boundary pores in dunites. In some cases, these were affected by subsequent deformation.
[36] The magnesium number of olivine in dunitic rocks is close to the olivine composition in residual peridotites from the Oman mantle section (Table 3 and Figure 8 ). However, spinel compositions in dunitic rocks from the Maqsad MTZ are distinct from those in the underlying residual mantle harzburgites. Strong
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Geosystems G 3 G depletion of TiO 2 in spinels is observed in mantle residues [Dick and Natland, 1996; Kelemen et al., 1995] , whereas the MTZ dunitic rocks generally have higher TiO 2 in spinel (Figure 8 ). MTZ dunites have spinel and olivine compositions which overlap those in discordant dunites in the mantle section of the ophiolite, which were interpreted by Kelemen et al. [1995] as conduits for focused transport of MORB through the shallow mantle beneath the Oman spreading center. Contact relationships for mantle dunites in Oman and other ophiolites indicate a largely replacive origin, in which olivine-saturated melts ascending via porous flow dissolved pyroxene from residual mantle peridotites (please see Kelemen et al. [1995, 1997a, and references therein] for details).
[37] Primitive MORBs also have spinel phenocrysts with high TiO 2 [Kelemen et al., 1997a, Figure 5, and references therein] . Thus the relatively high TiO 2 in spinels from dunitic rocks in the MTZ and discordant dunites in the mantle section suggests equilibration with MORB-like liquids. Data from our Oman MTZ samples show large variations in spinel TiO 2 at nearly constant olivine magnesium number (TiO 2 ranges from $0.1 to 1.1 wt % in spinel, while all but one of our spinel-bearing samples have olivine Mg # between 0.91 and 0.85). In contrast, increasing spinel TiO 2 by 0.1 wt % via crystal fractionation should cause olivine Mg # to vary from 0.91 to less than 0.83 (Figure 8 ). Thus the high spinel TiO 2 associated with high olivine Mg # in MTZ and mantle dunite spinels probably arises from equilibration with relatively TiO 2 -rich primary melts, rather than as a result of crystal fractionation. Indeed, elevation of spinel Ti contents at nearly constant olivine Mg # via reaction between ascending melt and shallow, residual mantle peridotite was proposed by Dick and Natland [1996] and Arai and Matsukage [1996] for high-Ti spinels in dunites formed along the East Pacific Rise and sampled at Hess Deep. Also, a majority of the clinopyroxene REE patterns and concentrations in our dunitic samples from the MTZ are not distinguishable from those in Oman mantle dunites reported elsewhere [Kelemen et al., 1995, Figure 3] . [38] To summarize, considering (1) the observed variation of Ti and olivine Mg # and (2) the analogy to compositionally identical mantle dunites whose contact relations clearly show that they replaced surrounding peridotite as a result of melt-rock reaction, we confirm the hypothesis based on overall field observations [e.g., Boudier and Nicolas, 1995] that most of the dunitic rocks in the MTZ are products of reaction between a MORB-like melt with shallow, residual mantle peridotite.
Impregnated Peridotites: Not Recording Information on Melt Porosity
[39] Some recent studies on impregnated dunites in the Maqsad MTZ, and compositionally and texturally similar impregnated peridotites just below the MTZ, have interpreted the volume and/or shape of interstitial plagioclase and clinopyroxene as a proxy for the volume and/or shape of grain boundary melt pores that were trapped at some time during the formation of the ophiolite [e.g., Jousselin and Mainprice, 1998; ]. However, we believe that these interpretations are incorrect, at least in part. [40] It is apparent from the major element compositions of the minerals, and from the REE concentrations in clinopyroxene of impregnated dunites and peridotites analyzed for this study , that interstitial plagioclase and clinopyroxene do not represent trapped melts. As mentioned in section 5.1, the magnesium number of olivine and pyroxene in impregnated dunite and peridotite (0.89-0.91 for olivine and 0.90-0.95 Geochemistry Geophysics Geosystems G 3 G for clinopyroxene) is higher than that for mantle-derived melt beneath an oceanic spreading ridge. The plagioclase An contents in our samples are also higher than the normative An content of mantle-derived melts at spreading ridges. Similarly, the REE concentrations in clinopyroxene of impregnated dunites and peridotites are lower than those of mantle-derived melts at spreading ridges. Thus pyroxene and plagioclase in impregnated dunites and peridotites cannot represent the composition of MORB-like trapped melt.
[41] Furthermore, plagioclase in Oman samples always has a positive Eu anomaly [e.g., Pallister and Knight, 1981; Benoit et al., 1996; Kelemen et al., 1997b] . The absence of a corresponding negative Eu anomaly in clinopyroxene (and olivine) in most impregnated dunites and peridotites (in this study, OM94-30, OM94-39, and OM95-12, plus clinopyroxene cores in OM94-37) requires that the whole rocks must have a positive Eu anomaly. Neither residual peridotites nor mantle-derived melts at mid-ocean ridges have a significant, positive Eu anomaly. If the impregated peridotites were mixtures of residual peridotite and trapped melt, the whole rock would have no detectable Eu anomaly. Instead, the presence of a positive Eu anomaly in the whole rock, as for Oman gabbros [Pallister and Knight, 1981; Benoit et al., 1996; Kelemen et al., 1997b] , indicates the presence of ''cumulate'' plagioclase, which formed during partial crystallization of a melt in an open system from which the remaining melt was removed. Kelemen et al. [1997b] showed that for fractional crystallization involving olivine, clinopyroxene, and plagioclase with compositions observed in the Oman MTZ, there would be a detectable Eu anomaly in clinopyroxene after $50% crystallization. Thus the absence of an Eu anomaly in clinopyroxene in the impregnated peridotites indicates that the melt which crystallized plagioclase and clinopyroxene in these rocks underwent less than $50% crystallization. Since it has a negative Eu anomaly and high REE contents in clinopyroxene rims, impregnated dunite sample OM94-37 could be an exception to this general observation.
[42] Plagioclase and clinopyroxene in most impregnated peridotites formed by partial crystallization (<50% and, probably, <10%) of a mafic liquid, after which the remaining liquid was removed. This statement, supported by observations discussed in the previous paragraph, adds limitations to interpretations of volume of ''trapped melt'' and ''frozen melt lenses.'' At any given time the pores could have been larger than the observed volume of clinopyroxene + plagioclase in impregnated dunite and peridotite, since the crystals represent a small fraction of the parental liquid mass. Alternatively, the pores could have been smaller than the observed volume of clinopyroxene + plagioclase, since the crystals could have formed over time by gradual accumulation from tiny pores containing migrating liquid. Thus the volume of plagioclase + clinopyroxene places neither an upper nor a lower bound on the instantaneous melt porosity at any time during the genesis of impregnated peridotites. [43] In some cases, impregnated peridotites preserve a lattice-preferred orientation in olivine, indicative of ductile solid flow, together with undeformed plagioclase + clinopyroxene. In these cases, one can infer that the plagioclase + clinopyroxene crystallized after deformation of the olivine and that the instantaneous melt fraction in the rock during plagioclase + clinopyroxene crystallization did not exceed some critical porosity (many estimates are $30% [Renner et al., 2000] ) at which the solid matrix would disaggregate and the lattice-preferred orientation would be obliterated. However, such an inference does not require any information about the abundance of the plagioGeochemistry Geophysics Geosystems G 3 G clase + clinopyroxene impregnations. Again, the abundance of the plagioclase + clinopyroxene impregnations provides no constraint on the instantaneous melt porosity.
[44] It also seems questionable to estimate the shape or topology of a melt phase from the topology of plagioclase + clinopyroxene in impregnated peridotites, even where plagioclase and clinopyroxene are undeformed. The equilibrium texture is determined by the relative surface energies of neighboring phases. In a system undergoing chemical reaction and/or deformation the textural maturity depends on rates of reaction and diffusion [e.g., Holness and Siklos, 2000] . A texture recording the topology of melt within a solid matrix could only be preserved in a rock if melt components had insufficient time to diffuse or react to form a texture that is controlled by the surface energy of the crystallizing solid phases. In the limit, such a process would form glass within the rock, as in quenched experiments on melt + dunite or melt + peridotite. Clearly, this limit is not approached in Oman impregnated dunites and peridotites. The chemical components in melt had time to sort themselves out into crystals of olivine + plagioclase + clinopyroxene, and a substantial residual melt fraction had time to escape. In fact, we rarely detect significant zoning in mineral grains within Oman MTZ samples. Thus it seems that diffusion was relatively fast compared to crystallization of clinopyroxene and plagioclase in impregnated peridotites, so that mineral surface energies could have had a large effect on the resulting grain shapes. [45] To summarize, we conclude that the volume and shape of interstitial plagioclase and clinopyroxene in impregnated dunites and peridotites from the Maqsad MTZ and underlying mantle cannot be used to infer the volume or the shape of melt pores within the rocks at any time during their formation.
Gabbroic bodies:
Cumulates from MORB-like liquids, as previously proposed [46] Our data on MTZ gabbros are consistent with previous work on these rocks. Our samples have clinopyroxene REE patterns consistent with equilibrium with MORB and with the melts that formed the gabbros, sheeted dikes, and lavas of the Oman ophiolite. This observation supports the inference that the gabbroic sills in the MTZ formed beneath an active spreading ridge, rather than at a later time in an off-axis setting [Kelemen et al., 1997b] .
[47] Gabbroic sills or lenses in the MTZ include gabbro, troctolite, olivine gabbro, and anorthosite. Our data, combined with previous analyses, show that while the different lithologies probably arise via different degrees of crystal fractionation from a common parental liquid, the differences in extent of crystallization must have been small, judging by the limited range of variability in olivine, clinopyroxene, and plagioclase compositions. Negative Eu anomalies in clinopyroxene are only measurable in three samples (OM94-32A, OM95-56, and OM95-32). Analyzing similar, relatively small Eu anomalies, Kelemen et al. [1997b] suggested that gabbroic rocks in the Maqsad MTZ are ''cumulates'' that represent less than 50% by mass of the parent melt from which they crystallized.
Clinopyroxene in wehrlitic bodies:
Indistinguishable from clinopyroxene in gabbroic rocks [48] Our samples of wehrlitic rocks from the Maqsad MTZ are all plagioclase wehrlites and melagabbros. A true wehrlite was found in Wadi Aqsaybah in the Wadi Tayin massif, where wehrlites had previously been described [Juteau et al., 1988; Pallister and Hopson, 1981] . The Wadi Aqsaybah wehrlites intrude lower crustal layered gabbros and show a poikilitic texture, with clinopyroxene oikoc- Figure 3n ]. In the Maqsad MTZ, wehrlitic samples also have poikilitic textures, and clinopyroxene and plagioclase are reported as oikocrysts. This texture has been observed in wehrlites intruding crustal gabbros from massifs throughout the Oman ophiolite [Benn et al., 1988; Juteau et al., 1988; Nicolas et al., 1988b; Reuber, 1988; Boudier and Nicolas, 1995] . Thus it seems, on textural and structural grounds, that all these occurrences of wehrlitic rocks are related.
[49] A variety of workers [Pallister and Hopson, 1981; Benn et al., 1988; Juteau et al., 1988; Nicolas et al., 1988b; Reuber, 1988; Boudier and Nicolas, 1995] have made the following conclusions on the bases of field relationships. Wehrlite intrusions commonly crosscut modal layering in gabbroic host rocks but do not show chilled margins. In many cases, wehrlitic rocks have undergone ductile deformation along with their host gabbros. Thus the wehrlitic intrusions must have occurred while the gabbros were still hot, and therefore near the axis of the Oman spreading center. Also, wehrlites have never been observed intruding the Oman mantle section, so they apparently originate within the MTZ. Olivine in some wehrlitic rocks preserves subgrain boundaries, indicative of plastic deformation, but never or rarely preserves a latticepreferred orientation.
[50] The presence of true wehrlites demonstrates that some magmas within the Oman MTZ had the crystallization sequence olivineclinopyroxene-plagioclase and therefore were fundamentally different in some important respect from magmas that crystallized troctolites and gabbro and had the crystallization sequence olivine-plagioclase-clinopyroxene. Until now, one possible interpretation of these data has been that the magmas that formed troctolites were formed by lower degrees of partial melting, and thus had higher Al, Ca, and Na contents, compared to the magmas that formed wehrlites [e.g., Smewing, 1981; Alabaster et al., 1982] . This, in turn, suggested that the troctolites, and genetically related gabbroic rocks, were related to the lower Geotimes or V1 lava series whereas the wehrlites might be related to the later, much more depleted, Lasail or V2 lava series which is exposed in the northern massifs of the Oman ophiolite. On the basis of this reasoning we expected the Maqsad and Wadi Aqsaybah wehrlites to record equilibrium with a distinctly REE-depleted melt composition.
[51] MORB-type liquid REE patterns were determined for all wehrlitic rocks, including wehrlite samples from Wadi Aqsaybah (see data for samples OM97-1, OM97-2, . Also, clinopyroxenes in wehrlitic rocks do not have systematically lower trace element concentrations, at a given magnesium number, compared to clinopyroxenes in gabbroic and dunitic rocks from the Maqsad MTZ. Thus the melt that crystallized clinopyroxene in wehrlitic rocks was similar in REE and other trace element contents to the melts that formed clinopyroxene in gabbroic sills and impregnated dunites. As a consequence, it is unlikely that the wehrlites crystallized from a melt that was significantly depleted compared to MORB or the Oman Geotimes/V1 lava series. This supports previous inferences based on the field and textural relationships of wehrlitic rocks [e.g., Benn et al., 1988; Boudier and Nicolas, 1995] . We must look for an alternative explanation for the different crystallization sequences in true wehrlites compared to troctolite and gabbroic rocks.
[52] It could be argued that many wehrlitic rocks are simply extreme examples of impregnated peridotites. Where they intrude crustal gabbros, they could represent a crystal-rich mush formed by mobilization of residual man-
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Geosystems G 3 G tle olivine [e.g., Benn et al., 1988; Boudier and Nicolas, 1995] . This hypothesis is supported by a variety of field and petrographic observations, and we see no reason to discard it. However, this hypothesis alone does not explain the difference in crystallization sequence which is implied by the presence of both troctolites (olivine + plagioclase) and true wehrlites (olivine + clinopyroxene) in the Oman MTZ. In this context, also note that plagioclase/clinopyroxene ratios in ''impregnated dunites'' are different from those in wehrlite (Figure 3 ).
[53] The most likely reason for the difference in crystallization sequence, though it remains speculative, is that aqueous fluids derived from seawater penetrated into magma chambers (probably sills) along the Oman MTZ. This might have occurred via hydrothermal circulation along faults. Addition of H 2 O to MORBlike basaltic melts at 2 kbar will suppress the crystallization of plagioclase relative to olivine and clinopyroxene, changing the order of crystallization [e.g., Gaetani et al., 1993] . Because the concentration of most major and trace elements in seawater is much less than the concentration of the same elements in basaltic melt and the amount of aqueous fluid added to magma is limited by the solubility of H 2 O at 2 kbar, the addition of seawater-derived aqueous fluid to melt might not have an obvious effect on our geochemical data.
[54] An influx of fluid derived from seawater might be marked by a significant shift in both oxygen and strontium isotope ratios. If our idea is correct, such a shift should be observed in wehrlites, which should have lower 18 O/ 16 O and higher 87 Sr/ 86 Sr than spatially related gabbroic rocks. Unfortunately, most or all Oman wehrlites have undergone extensive, low-temperature hydrous alteration, which may alter the isotope signature of earlier, high-temperature interaction between melt and aqueous fluids.
Conclusions
[55] Three important observations have been made. (1) The majority of our samples of plutonic rocks from the Samail MTZ are close to REE exchange equilibrium with normal MORB. Heterogeneous melts must have formed by polybaric, decompression melting of the mantle beneath the Oman spreading center. Our data imply that most of these different melt compositions were mixed and homogenized at or below the depth of the MTZ. Evidence for the presence of less well mixed melts with variable REE contents was found in <10% of our MTZ samples (2 of 23). (2) Plagioclase and clinopyroxene in impregnated peridotites formed in an open system through which melt was flowing and do not represent the crystalline products of ''trapped melt.'' As a consequence, one cannot infer the proportion or shape of melt-filled pores in these rocks from the volume or shape of plagioclase + clinopyroxene patches. (3) Parental melts that formed wehrlitic rocks had the same REE contents as those which crystallized clinopyroxene, all but two MTZ samples including dunitic rocks, impregnated peridotites, and gabbroic rocks. [56] In addition, we made some observations that confirm previous hypotheses. (1) Olivine and spinel in MTZ dunites are very similar in composition to olivine and spinel in discordant dunite within the mantle section of the ophiolite, supporting the idea that MTZ dunites form by reaction between MORB-like melt and shallow, residual mantle peridotite. (2) Gabbroic lenses in the MTZ record equilibrium with the melts that formed the overlying gabbros, sheeted dikes, and lavas and therefore probably formed beneath the active Oman spreading ridge, and not later in an off-axis setting.
[57] An overall scenario for the formation of the MTZ can be constrained by our observa-
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Geosystems G 3 G tions together with previous work. Discordant dunites in the mantle section formed as a result of transport of parental MORB through the uppermost mantle [e.g., Kelemen et al., 1995] . Many, if not all, mantle dunites are products of pyroxene dissolution in olivinesaturated melt moving through the mantle via focused porous flow. Some Maqsad MTZ dunites could be transposed, and later impregnated, relicts of mantle dunites which formed in the upwelling mantle and then underwent corner flow immediately beneath the crust at a spreading center. However, as pointed out by , formation of additional dunite at the MTZ seems to be required by the presence of a 500 m thick MTZ composed of more than 50% dunite in the Maqsad area. It is unlikely that this thick dunite sequence is composed entirely of transposed, mantle dunite because the largest mantle dunites in Oman are only 100 m thick [Kelemen et al., 2000] [58] Gabbro sills or lenses formed within dunite in the MTZ. We believe that this was due to pooling of melt beneath a permeability barrier formed by crystallization of melt in pore space at the base of the conductive geotherm extending downward from the seafloor [Boudier et al., 1996; Kelemen et al., 1997b; Korenaga and Kelemen, 1997; Kelemen and Aharonov, 1998 ]. At the depth of formation of gabbro sills in the MTZ, melt must have been well mixed to produce nearly identical REE slopes throughout all of our gabbroic samples.
[59] Wehrlitic rocks were the last igneous rock type to form in abundance in the Maqsad MTZ, since they crosscut surrounding gabbroic rocks. However, wehrlitic rocks also record REE exchange equilibrium with MORB-type melts. Also, the lack of chilled margins in wehrlite intrusions, and the fact that some of them underwent high-temperature ductile deformation along with host gabbros, suggest that they formed in a near-ridge environment. The presence of a distinct crystallization sequence in wehrlitic rocks compared to gabbroic rocks and to the normal crystallization sequence of MORB at pressures of 2 kbar or less is tentatively ascribed to the addition of seawaterderived, hydrothermal fluid to magmas within the MTZ.
[60] REE exchange equilibrium with ultradepleted melts was recorded by one MTZ gabbroic sample, as well as by previously reported, small gabbronorite and websterite dikes within the Oman mantle section. These undeformed dikes are filled with ''cumulate'' minerals which crystallized from cooling magma passing upward through transposed, conductively cooled mantle lithosphere, probably relatively far from an active spreading ridge.
